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Abstract

Background. Percutaneous coronary intervention (PCl) in stable coronary artery disease (CAD) is
commonly triggered by abnormal myocardial perfusion imaging (MPI1). However, due to the possibilities
of multivessel disease, serial stenoses and variability of coronary artery perfusion distribution,
opportunity exists to better align anatomic stenosis with perfusion abnormalities to improve
revascularization decisions. This study aims to develop a 3-dimensional (3D) multi-modality fusion
approach to assist decision-making for PCI.

Methods. Coronary arteries from fluoroscopic angiography (FA) were reconstructed into 3D artery
anatomy. Left ventricular (LV) epicardial surface was extracted from single-photon emission computed
tomography (SPECT). The 3D fusion between artery anatomy and LV epicardial surface was completed
with scaling iterative closest points (S-ICP) and vessel-surface overlay algorithms. The accuracy of the 3D
fusion was evaluated via both computer simulation and real patient data. For technical validation,
simulated FA and MPI were integrated and then compared with the ground truth from a digital phantom.
For clinical validation, FA and SPECT images were integrated and then compared with the ground truth
from computed tomography (CT) angiograms.

Results. In the technical evaluation, the distance-based mismatch error between simulated fluoroscopy
and phantom arteries is 1.86+1.43mm for left coronary arteries (LCA) and 2.21+2.50mm for right coronary
arteries (RCA). In the clinical validation, the distance-based mismatch errors between the fluoroscopy and
CT arteries were 3.84+3.15mm for LCA and 5.55+3.64mm for RCA. The presence of the corresponding
fluoroscopy and CT arteries in the AHA 17-segment model agreed well with a Kappa value of 0.91(95%
confidence interval (Cl): 0.89-0.93) for LCA and a Kappa value of 0.80 (Cl: 0.67-0.92) for RCA.

Conclusions. Our fusion approach is technically accurate to assist PCl decision-making and is clinically
feasible to be used in the catheterization laboratory. There is an opportunity to improve the decision-
making and outcomes of PCl in stable CAD.



Abbreviations:

CAD = Coronary artery disease

DP = Dynamic programming

DP-LV = Left ventricular epicardial surface extracted by dynamic programming-based method
FA = Fluoroscopy angiography

LV = Left ventricle

LCA = Left coronary arteries

LAD = Left anterior descending

LCX = Left circumflex artery

ME-LV = Left ventricular epicardial surface extracted by manually drawing
MPI = Myocardial perfusion imaging

PCl = Percutaneous coronary intervention

PDA = Posterior descending artery

PLB = Posterolateral branch artery

RCA = Right coronary arteries

SPECT = Single-photon emission computed tomography

S-ICP = Scaling iterative closest points

X-CAT = Extended cardiac-torso phantom



1. INTRODUCTION

In stable coronary artery disease (CAD), mortality and morbidity benefits of revascularization by
percutaneous coronary intervention (PCl) have not been fully realized in clinical trials'™. Several
hypotheses exist to explain the findings of these clinic trials. One hypothesis is revascularization, although
visually “successful”, does not improve myocardial perfusion because incorrect lesions and/or vessel(s)
are targeted. This is very plausible especially in cases with multivessel disease or serial stenoses. Typically,
fluoroscopic angiography (FA) is performed independently of functional data such as myocardial perfusion
imaging (MPI) and therefore, the image datasets are clinically segregated. In addition, the lack of patient-
specific anatomy on functional datasets reduces its target specificity especially in cases with serial stenosis,
multivessel disease or coronary anomalies. Hypothetically, individualized registration of FA and MPI
datasets could assist and improve revascularization decisions if anatomic and functional abnormalities
could be accurately aligned.

To test this hypothesis several processes must be developed. First, 2D FA datasets must be accurately
converted into 3D datasets while maintaining anatomic precision. Second, extraction of left ventricular
(LV) epicardial surface from MPI datasets must be accurate. Third, and most importantly, fusion of the 3D
FA datasets with LV MPI datasets must be accurate. Fourth, the conversion, extraction, and fusion
processes must be fast enough such workflow is not compromised and revascularization is not delayed.

Several fusion techniques, landmark-based>® and rigid iterative closest points (ICP)”?, were developed
and validated over the past decade. They require a pair of size-matched 3D artery anatomy from
fluoroscopy angiograms and LV surface from single-photon emission computed tomography (SPECT)
images. This condition is quite difficult to meet because of heart beating and thus image acquisitions at
different cardiac frames, which affects the accuracy of the 3D fusion between artery anatomy and LV
surface. In order to match the time points, several studies used principal component analysis (PCA) based?®
or visual estimation-based methods® to select and fuse the end-diastolic fluoroscopy angiograms and end-
diastolic SPECT images. However, all these estimation-based methods cannot guarantee a pair of size-
matched artery anatomy and LV surface. A deformable registration algorithm is needed to improve the
accuracy of the 3D fusion.

The objective of this study was to develop a deformable 3D fusion approach to integrate 3D coronary
artery anatomy from fluoroscopy angiograms with LV epicardial surface from SPECT MPI to guide
revascularization decision-making.

2. METHODS

First, 3D arterial anatomy was reconstructed from fluoroscopy angiograms via imaging geometry
calibration and vessel reconstruction algorithms. Second, LV epicardial surface was extracted from SPECT
MPI images using a dynamic programming-based algorithm. Third, the 3D artery anatomy was registered
with the LV epicardial surface using scaling iterative closest points (S-ICP) algorithm and then overlaid
onto the surface using a vessel-surface overlay algorithm. A computer simulation was executed to
technically evaluate the accuracy of the 3D fusion approach. Real patient data was used to evaluate the
clinical feasibility of the 3D fusion approach.

2.1 Fluoroscopy Image Processing

2.1.1. Reconstruction of 3D Artery Anatomy from Angiograms



The reconstruction of 3D artery anatomy includes three steps: artery extraction from fluoroscopy
angiograms, imaging geometry calibration, and vessel point correspondences & 3D vessel reconstruction.

Artery extraction. A deep learning model® was used to extract the coronary arteries on fluoroscopy
angiograms. The extracted artery contours were shown in Figure 1 B&F. Based on the extracted artery
contours, a morphology thinning based algorithm®!! was used to skeletonize the extracted artery trees
and an edge-linking algorithm?? was then applied to link the separate skeleton pixel points, where
adjacent skeleton pixel points were linked together to form vessel segments till encountering edge
junctions or endpoints. An interactive tool was developed to select the vessel segments to construct
complete artery centerlines. Manually drawn segments were involved when the deep learning model
performed poorly and therefore failed artery skeletonization. Accordingly, the centerlines on the primary
and secondary projection views were extracted and paired (Figure 1 C&G). The topology of the artery
anatomy was then automatically established and the bifurcations between the arteries were
automatically identified. The radii of vessels were obtained by computing the distance between the
centerlines and the outer contour of corresponding arteries.

Figure 1. Reconstruction of 3D fluoroscopy artery anatomy. (A) and (E) Selected angiograms from the primary and secondary
projection views; (B) and (F) extracted arteries; (C) and (G) artery skeletonization and generation of topology landmarks (red
stars) on the angiograms; (D) and (H) reconstructed 3D artery anatomy.

Imaging geometry calibration. Imaging geometry parameters defining the projections and orientations
for the primary and secondary views are key factors for 3D artery reconstruction. However, these
parameters obtained from DICOM header may not be able to accurately define the spatial relationship of
these two views because of several uncertainties, such as unknown image skew parameters, table
translation between image acquisitions, and device assembly tolerances. A calibration algorithm based
on multi-objective optimization was developed to optimize these parameters and explained below (steps
i and ii).

i) A mathematical model was first developed. As shown in Figure 2, a spatial bifurcation point Q; is
projected at an intersection point g, ; on the primary projection plane and at an intersection point g, ; on



the secondary projection plane. Based on the principles of X-ray angiography and pinhole camera
models'*!*, projection matrix mapping spatial point Q; to projection points (q4 ;, g ;) was derived. In the
coordinate system of primary view, projection matrix P; can be expressed as in Eq. 1, where SID is the
distance between X-ray source and center of detector, s is the skew parameter in radial direction, u,. and
v, are the center coordinates of detector. Since the transformation from the primary to the secondary
projection systems can be defined as a rotation R and translation t, the projection matrix P, can be
formulated asin Eq. 2. With a preset skew parameter s, all the geometry parameters in the equations can
be initialized, though they may be not precise, by the parameters from DICOM header. Therefore, given
two projection points g4 ;(uq,v;) and q;;(uy,v;), the spatial point Q;(x;,y;,z;) can be obtained by
solving an over-determined equation created by the combination of Eq.1 and Eq.2, as shown in Eq. 3,
where pgT is the bth row of the projection matrix P, or P,, a=[1, 2], b =[1, 2, 3].
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Figure 2. Mathematical model of fluoroscopy angiography system. g, ; and g, ; are the projection points of a 3D arterial

bifurcation on the primary and secondary planes. Rotation R and translation t establish the relationship of the primary

and secondary coordinate systems. Eq.1,2,and 3 denote the mathematic model.

ii) An objective function was then proposed and optimized to calibrate the geometry parameters. Based
on the mathematical model and initial geometry parameters from DICOM header, an objective function
containing 15 geometry parameters were created to minimize the following mismatch errors'*: (1)
Euclidean distance between the artery bifurcations and the corresponding back projections of
reconstructed 3D bifurcations on each image; (2) difference between the directional vectors defined by
artery bifurcations and the corresponding back projections of reconstructed 3D bifurcations on each
image. A nonlinear optimization algorithm, Levenberg-Marquardt (LM)*, was used to optimize the
objective function to obtain the calibrated geometry parameters.

Vessel points correspondence & 3D reconstruction. With the calibrated parameters, an epipolar
constraint-based method!®'’ was used to pair the vessel centerline points on the primary and secondary
images. Given a point on one of the images, there should be at least one corresponding point lying on the
epipolar line on the other image. To avoid multiple correspondences, a dynamic programming-based
method was used to find the optimal corresponding point. This method minimizes the error defined by
the distance of the corresponding point from epipolar line. After establishing the correspondence of the
centerline points on the primary and secondary images, 3D artery centerlines were reconstructed using



the mathematical model, and then the artery surface was meshed with quadrangles to reconstruct 3D
artery anatomy, as shown in Figures 1 D&H.

2.1.2. Evaluation of Artery Reconstruction

A computer simulation was implemented to evaluate the accuracy of the artery reconstruction
algorithm. Fluoroscopy angiograms were simulated using GATE simulator® and X-CAT phantom®®. In GATE
environment, the geometry of Philips system for human body was first set up. Left coronary arteries (LCA)
& right coronary arteries (RCA) phantoms generated by X-CAT were then loaded into the system. Two
regular views of LCA were simulated, which are LAO45° & CRA30° (for checking left anterior descending
(LAD) artery and its branches) and RAO30° & CAU35° (for checking left circumflex (LCX) artery and its
branches). For RCA, a regular view from LAO1" & CRA29° for checking distal RCA (posterior descending
artery (PDA) and posterolateral branch (PLB)) was simulated, another view from RAO33° & CAU5° for
checking middle RCA was simulated. All the simulated images have a pixel size of 0.34 mm and a resolution
of 512x512.

With the simulated angiograms (Figure 3A, B, E, F), LCA and RCA centerlines were reconstructed using
the proposed reconstruction algorithm. The 3D LCA and RCA centerlines from X-CAT phantoms were
extracted using a 3D thinning algorithm?. In order to evaluate the accuracy of the reconstruction
algorithm, the mean distances of reconstructed centerlines from the corresponding phantom centerlines
(ground truth) were paired and computed, as shown in Figure 3C, D, G, H.
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Figure 3. Computer simulation of fluoroscopy angiography and comparison between reconstructed
centerlines and the ground truth centerlines extracted from X-CAT phantom. (A) and (B) are simulated LCA
fluoroscopy angiograms from LAO45° & CRA30" and RAO30° & CAU35"; (C) and (D) are the comparisons
between reconstructed LCA artery centerlines (red lines) and X-CAT phantom centerlines (yellow lines); (E)
and (F) are simulated RCA angiograms from LAO1° & CRA29° and RAO33° & CAU5’; (G) and (H) are the
comparisons between RCA centerlines (red lines) and X-CAT phantom centerlines (yellow lines).

2.2 SPECT Image Processing
2.2.1. LV Epicardial Surface Extraction from SPECT Images

A graphical user interface was developed to identify LV parameters including LV center, apex, base,
anterior and inferior grooves (yellow and green arrows in Figure 4A). Once the parameters were



